Pinedrops, *Pterospora andromedea* Nutt., is a mycoheterotrophic plant and acquires carbon from a photosynthetic plant's mycorrhizal fungus ([@bib12]). Four species in *Rhizopogon* Fr. subgenus *Amylopogon* (A. H. Sm.) Grubisha & Trappe form ectomycorrhizal symbioses with *Pinus* spp. and are fungal hosts to *P. andromedea* ([@bib3]; [@bib2]; [@bib4]; [@bib10]; [@bib9]). *Pterospora andromedea* is a North American endemic in the subfamily Monotropoideae (Ericaceae) and has a broad, disjunct distribution occurring in western and eastern regions ([@bib1]). Eastern populations have always been rare compared to robust western populations; however, the eastern range has recently suffered population declines due to a variety of environmental and anthropogenic factors ([@bib20]).

Population genetic studies of *P. andromedea* and the two primary *Rhizopogon* host species (*R. salebrosus* A. H. Sm. and *R. kretzerae* Grubisha, Dowie & Mill.) that are currently being conducted will provide information on evolution and maintenance of this symbiosis. Furthermore, population genetic analyses will be useful in assessing population viability that will aid in conservation efforts of both fungal host and plant. The microsatellite loci described here are the first developed for *P. andromedea*.

METHODS AND RESULTS
===================

Initial isolation of microsatellite loci followed the enrichment method of [@bib7] as described by [@bib11]. After cells were plated and incubated, hundreds of positive bacterial colonies with successful insertions were obtained. From these, 144 were individually selected and amplified using PCR with 99 (68%) of the inserts falling within the desired size limits of 500--1100 bp. These were then sequenced and screened for the presence of microsatellite regions. Of these sequenced products, 33 fragments possessed microsatellite loci consisting of di-, tri-, and tetranucleotide repeats ranging from five to 22 repeat units with suitable flanking sequences for primer design. Primers for these 33 loci were designed using Primer3 ([@bib18]) with default parameters. These loci were screened for positive PCR amplification using agarose gel electrophoresis following [@bib11]. From the 33 loci tested, 19 were chosen for screening using fluorescently labeled (6FAM, VIC, PET, NED; Applied Biosystems, Foster City, California, USA) forward primers as described by [@bib11]. Fragment analysis was conducted using the GeneScan 500 LIZ Size Standard (Applied Biosystems) on an ABI 3730 DNA Analyzer (Applied Biosystems) by the Biotechnology Resource Center (BRC) at Cornell University. Allele sizes were called manually using the Microsatellite Plugin in Geneious version R6.1.5 ([@bib5]). Only one polymorphic locus was identified (Ptan64; [Table 1](#tbl1){ref-type="table"}).

###### 

Characteristics of 13 polymorphic microsatellite loci developed in *Pterospora andromedea*.

  Locus    5′ end-labeled dye   Primer sequences (5′--3′)   Repeat motif                Allele size (bp)   GenBank accession no.
  -------- -------------------- --------------------------- --------------------------- ------------------ -----------------------
  Ptan1    6FAM                 F: CTCTCGGAACAGTCATTTCTCC   (ACAT)~13~                  319                KJ617090
                                R: CCGATTCAAGGTAGCACTGC                                                    
  Ptan13   PET                  F: ATTGGTTGTGGGACTGCATC     (CAGT)~7~                   156                KJ617091
                                R: CTGGGCATAGGGTGAAACTC                                                    
  Ptan15   NED                  F: TGGGAGTTGGAGCTAGGAAC     (ATTT)~7~                   144                KJ617092
                                R: AAAGCCGGTAACAGTTCGG                                                     
  Ptan22   PET                  F: TCCTCATAGCCTTCGTCTGTG    (AG)~12~                    100                KJ617093
                                R: ATTCTCTCTGCTCCCAACCG                                                    
  Ptan23   VIC                  F: AACCTGCGCATTTCTAAGCC     (CT)~13~                    122                KJ617094
                                R: GAGGGTGGTGAAAGGGTGAG                                                    
  Ptan25   VIC                  F: GTCATCGTCCCGGATTATGC     (ATGT)~13~                  143                KJ617095
                                R: CCTCCTCCACCAATGCTCTC                                                    
  Ptan32   VIC                  F: GTTAGGGCTCTCGGGTGATC     (CT)~13~                    172                KJ617096
                                R: GAGGGTAGAGATGGAGGCTATG                                                  
  Ptan36   6FAM                 F: CAAAGGAAGATGGCTCAAGTTC   (AT)~12~                    167                KJ617097
                                R: TTTCACTGTCTGCGAGCAAC                                                    
  Ptan50   NED                  F: GCCGATCCCATTTGACTGAG     (GGTTT)~8~                  366                KJ617098
                                R: AACAAGCTCCACAGGAATGC                                                    
  Ptan52   VIC                  F: GGGTGTTGAGTCCTTACGTG     (GGGTT)~6~                  295                KJ617099
                                R: AGGCTACCATTATGCGAAACC                                                   
  Ptan55   VIC                  F: TAGCGCTTACTTGGGTTGTG     (AAACC)~7~                  380                KJ617100
                                R: CAGGAGCTGCATCAACATGG                                                    
  Ptan62   NED                  F: GGCTGTTGATAGTGGCTGTC     (GCGT)~8~                   182                KJ617101
                                R: TTCTTAAAGCACGAATCTGCC                                                   
  Ptan64   6FAM                 F: TGAGGGTAGGATGGTCAATTA    (AG)~9~GG(AG)~3~AA(AG)~3~   235                KJ617102
                                R: CGACGCGTACTTCAACCTTA                                                    

Next-generation sequencing was used as an alternative method for acquiring a large quantity of genomic sequence data from which to identify microsatellite repeats. Silica-dried tissue (150 mg) from one plant collected outside of Laramie, Wyoming (41.25108°N, −105.41298°W) was ground in liquid nitrogen to a fine powder. Genomic DNA (gDNA) was isolated using the DNeasy Plant Mini Kit (QIAGEN, Valencia, California, USA). The Genomic DNA Clean & Concentrator Kit (Zymo Research Corporation, Irvine, California, USA) was used to concentrate approximately 600 μL of gDNA into a 30-μL volume. Library preparation and Illumina MiSeq sequencing (Illumina, San Diego, California, USA) were performed at the Advanced Genetic Technologies Centre (AGTC) at the University of Kentucky. Approximately 2 μg of gDNA was sheared using a Bioruptor NGS (UCD-600TS; Diagenode, Denville, New Jersey, USA) by sonicating at 4°C with six cycles of 5 s on and 90 s off. A TruSeq DNA Sample Preparation Kit version 2 (Illumina) was used to generate a paired-end library for Illumina MiSeq sequencing by L.C.G. at the AGTC. MiSeq sequencing resulted in 33,142,988 reads with an average length of 248 bases and 8,228,995,164 total bases. At the AGTC, raw sequence reads were filtered, reformatted, and trimmed using prinseq-lite.pl ([@bib19]) and entailed removing (1) duplicate reads, (2) reads with uncalled bases (N) \>2% of read length, (3) reads with low-quality scores (Q \< 17), (4) very short reads (average length -- 2\[standard deviation\]), and (5) very long reads (average length + 2\[standard deviation\]). Contigs were assembled de novo using CLC Genomics Workbench version 5.1 (CLC bio, Aarhus, Denmark) by the AGTC producing 2,220,121 contigs, with an average size of 299 bp (N75 = 234, N50 = 330, N25 = 476) and a total of 663,389,430 bases. MSATCOMMANDER version 1.0.8 ([@bib6]) identified the following number of perfect microsatellite repeats from assembled contigs: 12,151 dinucleotide with at least 12 repeat units, 456 trinucleotide with at least eight repeat units, 159 tetranucleotide with at least six repeat units, 65 pentanucleotide with at least six repeat units, and 56 hexanucleotide with at least six repeat units. Within MSATCOMMANDER, Primer3 ([@bib18]) was used to generate primers for all loci using default parameters except that GC clamp = yes, maximum poly X = 3, and an optimum acceptable primer melting temperature of 60°C with a maximum difference of 2°C between forward and reverse primers. To avoid PCR product sizes at 250 bp that would be difficult to size correctly with the DNA standard (LIZ500), in this study PCR product size was set to 90--210 bp or 270--400 bp. The spreadsheet produced by MSATCOMMANDER was used to select a small subset of 63 loci with optimum primer conditions and loci that had no lowercase letters in the primer sequence that would indicate nucleotide mismatches in the assembled reads used to create the contigs.

Sixty-three loci were screened for positive PCR amplification using agarose gel electrophoresis against four *P. andromedea* isolates (two each from western and eastern regions; [Table 2](#tbl2){ref-type="table"}). PCR was conducted in a 10-μL reaction volume that included 0.1 μM of each forward and reverse primer, 1× CoralLoad PCR Buffer with 1.5 mM MgCl~2~ (QIAGEN), 200 μM each dNTP, 2.5 units *Taq* DNA Polymerase (QIAGEN), and 1.0 μL of 1:10 diluted genomic DNA. Thermocycler parameters were 94°C for 3 min; 35 cycles of 94°C for 30 s, 55°C for 30 s, and 72°C for 30 s; followed by a final extension for 10 min at 72°C. PCR products were visualized in a 2% agarose gel stained with GelRed (Phenix Research Products, Candler, North Carolina, USA) on a UV transilluminator. Thirty-six loci that had one or two bright PCR products on the gels in the approximate expected size range (target size +40 bp, −20 bp) and no PCR bands outside of the expected size range were chosen for further screening.

###### 

Genetic properties of 13 polymorphic microsatellite loci developed in *Pterospora andromedea*.^[a](#tblfn1){ref-type="table-fn"},[b](#tblfn2){ref-type="table-fn"}^

           Wyoming (*n* = 18)   Washington (*n* = 17)   Quebec (*n* = 13)   Michigan (*n* = 7)                                                   
  -------- -------------------- ----------------------- ------------------- -------------------- ------- ------- --- ------- ------- --- ------- -------
  Ptan1    8                    0.389                   0.848               8                    0.000   0.834   4   0.000   0.689   3   0.000   0.484
  Ptan13   2                    0.111                   0.457               2                    0.000   0.499   1   0.000   0.000   1   0.000   0.000
  Ptan15   1                    0.000                   0.000               1                    0.000   0.000   1   0.000   0.000   2   0.143   0.143
  Ptan22   6                    0.294                   0.768               6                    0.176   0.800   2   0.000   0.517   1   0.000   0.000
  Ptan23   2                    0.278                   0.246               5                    0.059   0.725   2   0.000   0.517   2   0.000   0.440
  Ptan25   5                    0.389                   0.598               6                    0.118   0.788   1   0.000   0.000   1   0.000   0.000
  Ptan32   3                    0.167                   0.367               5                    0.118   0.578   3   0.000   0.591   1   0.000   0.000
  Ptan36   3                    0.167                   0.522               4                    0.118   0.594   1   0.000   0.000   1   0.000   0.000
  Ptan50   2                    0.278                   0.500               4                    0.118   0.405   1   0.000   0.000   1   0.000   0.000
  Ptan52   2                    0.167                   0.157               3                    0.059   0.415   1   0.000   0.000   1   0.000   0.000
  Ptan55   1                    0.000                   0.000               1                    0.000   0.000   1   0.000   0.000   2   0.000   0.440
  Ptan62   1                    0.000                   0.000               4                    0.000   0.656   2   0.000   0.517   2   0.000   0.440
  Ptan64   3                    0.167                   0.427               10                   0.176   0.847   3   0.000   0.665   3   0.143   0.670

*Note*: *A* = number of alleles; *H*~e~ = expected heterozygosity; *H*~o~ = observed heterozygosity; *n =* sample size.

Vouchers for two populations were deposited in the University of Michigan herbarium: MICH1485963 (Washington), MICH1485964 (Quebec). Only a very small portion of plant roots were collected in Michigan and Wyoming and vouchers were not possible.

Geographic coordinates for the populations: Wyoming = 44.55816°N, −110.39405°W and Washington = 48.54538°N, −119.07922°W. Due to the rare to endangered status of *Pterospora andromedea* in Michigan (46.6427°N, −89.1787°W) and Quebec (47.3166°N, −79.4533°W) locations are approximate.

Populations from Wyoming (*n* = 18), Washington (*n* = 17), Michigan (*n* = 7), and Quebec (*n* = 13) representing two western and two eastern populations, respectively, were chosen to screen the 36 loci ([Table 2](#tbl2){ref-type="table"}). Stem bract and root samples were immediately placed in Ziploc bags with 2--4-mm silica gel beads (Conservation Support Systems, Santa Barbara, California, USA) or preserved using the method of [@bib4]. Vouchers were deposited at the University of Michigan Herbarium (voucher no. MICH1485963, MICH1485964; [Table 2](#tbl2){ref-type="table"}). Plant DNA was isolated from stem bracts and/or roots. Stem bracts were homogenized using 2 × 0.5-mm ceramic beads in a FastPrep FP120 (Savant Bio101, Carlsbad, California, USA). DNA was isolated using the DNeasy Plant Mini Kit (QIAGEN). DNA from roots was isolated following [@bib4] or [@bib9]. The forward primer for 36 loci was 5′ end-labeled with one of four dyes: NED, VIC, 6FAM, or PET (Applied Biosystems; [Table 1](#tbl1){ref-type="table"}). PCR amplification was performed using the QIAGEN Multiplex PCR Kit in a 5-μL volume with 1× QIAGEN Multiplex PCR Master Mix, 50 nM each primer (exceptions noted below), and 0.75 μL of 1:10 diluted genomic DNA. Primers for Ptan1 were used at a concentration of 0.1 μM, 75 nM for Ptan13, Ptan22, and Ptan64, and 35 nM for Ptan25. Touchdown thermocycler conditions were: 95°C for 15 min; 10 cycles of 94°C for 30 s, 67°C for 90 s, decreasing 1°C each cycle, and 72°C for 30 s; 25 cycles of 94°C for 30 s, 57°C for 90 s, and 72°C for 30 s; with a final extension of 60 min at 60°C. Fragment analysis and genotyping were as described above.

Of the 36 loci tested from the Illumina data with fluorescently labeled primers, 12 (33%) were polymorphic ([Table 1](#tbl1){ref-type="table"}), nine (25%) were monomorphic ([Table 3](#tbl3){ref-type="table"}), 12 (33%) were not useable due to stutter or anomalous additional peaks, and three (8%) had very weak to no amplification. For the 13 polymorphic loci (12 from Illumina data and one from the enrichment method), number of alleles, observed heterozygosity (*H*~o~), and expected heterozygosity (*H*~e~) were calculated in GenAlEx version 6.5 ([Table 2](#tbl2){ref-type="table"}; [@bib13], [@bib14]). There were one to 10 alleles within western populations, and *H*~e~ ranged from 0.000 to 0.848. Within the eastern populations there were one to four alleles, and *H*~e~ ranged from 0.000 to 0.689. Genotype independence of loci across all pairs of loci within and among populations was tested using the Web-based version of GENEPOP 4.2 ([@bib15]; [@bib17]). After Bonferroni correction ([@bib16]), significant genotypic linkage disequilibrium was found in three populations: three pairs of loci in Quebec, two pairs of loci in Wyoming, and one pair of loci in Washington. The pairs of loci in linkage disequilibrium were not consistent across populations. When all populations were considered, seven pairwise comparisons had significant linkage disequilibrium and involved two loci (Ptan22 and Ptan23) in two and four of the pairwise comparisons, respectively.

###### 

Characteristics of nine monomorphic microsatellite loci developed in *Pterospora andromedea*.

  Locus    5′ end-labeled dye   Primer sequences (5′--3′)   Repeat motif      Allele size (bp)   *T*~a~ (°C)   GenBank accession no.
  -------- -------------------- --------------------------- ----------------- ------------------ ------------- -----------------------
  Ptan6    PET                  F: TCCAAATGACACCCAACATG     (AT)~12~          136                57            KJ617103
                                R: GTTTGGATCTTTAGACCGAGG                                                       
  Ptan11   PET                  F: AACAACGAGGACACTAGAGG     (AAC)~12~         181                57            KJ617104
                                R: GGTTTACTGTTGGTAGGAGTTG                                                      
  Ptan20   NED                  F: ACACGCTACGATAATTCCACG    (ATC)~8~          197                57            KJ617105
                                R: CAGGCTGCTTGGTGTAGAATG                                                       
  Ptan21   PET                  F: TCACACACGCTACATTCCAG     (AC)~13~(CA)~4~   112                57            KJ617106
                                R: TTCCTCAGCAATGCCCAAAG                                                        
  Ptan24   6FAM                 F: ACTAAGTCAGCCAGCATGTG     (AT)~15~          127                57            KJ617107
                                R: GGATACGACAGCCTTTGGATC                                                       
  Ptan29   PET                  F: ACGTTGGTCATTCGTTGGAG     (AAT)~8~          285                57            KJ617108
                                R: AGCCACACACGGACATCTAG                                                        
  Ptan31   NED                  F: GTTGAGAGCTCCTTCATCACC    (CTT)~10~         123                57            KJ617109
                                R: GCCCTCGTCAAATCATCAAGG                                                       
  Ptan41   PET                  F: AGGGTAGAAGGTTTGGAGGG     (AAAAT)~8~        339                57            KJ617110
                                R: AGGGCATAAGTTCTTGAAAGCG                                                      
  Ptan57   NED                  F: CCACGAAATGCAGTGTTGAC     (ATCCCC)~6~       110                57            KJ617111
                                R: AAGACGACAGCCAGACAATG                                                        

*Note*: *T*~a~ = annealing temperature.

CONCLUSIONS
===========

The 13 polymorphic microsatellite loci developed here are the first for *P. andromedea*. Microsatellite loci for the two primary *Rhizopogon* hosts, *R. kretzerae* and *R. salebrosus*, were recently characterized ([@bib8]). These loci are currently being used in population genetic studies of *P. andromedea* and *Rhizopogon* mycobionts to examine genetic diversity and population genetic structure at different hierarchical levels. Furthermore, conservation genetic studies of the endangered eastern populations will provide baseline genetic data for management of populations.
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